Smad proteins are a class of tumor suppressors that play critical roles in inhibiting the proliferation of a variety of cell types by modulating the transcriptions of target genes. Despite recent advances, the mechanism of their nuclear import is not completely understood. Smad proteins contain a conserved basic motif in their N-terminal MH1 domains that resembles a nuclear localization signal (NLS). Previous studies indicate that in receptor-regulated Smads such as Smad1 and Smad3 this motif determines their interactions with nuclear import receptors and mediates their ligand-induced nuclear translocation. Common-Smads such as Smad4 display constant nucleocytoplasmic shuttling and are capable of autonomous nuclear import and export. Mutations of the basic motif in Smad4 disrupted its nuclear accumulation. However, this motif is not sufficient to confer nuclear translocation to a fused heterologous protein, suggesting that it is only part of the bona fide Smad4 NLS. We mapped the Smad4 NLS by fusing various segments of Smad4 sequence covering the basic motif to GFP and tested the localization of the fusion proteins. We identified an extended NLS, starting from the basic motif and extending into the DNA-binding region , that is sufficient to confer nuclear localization to GFP. Among the 14 basic residues in the NLS, only four (K45, K46, K48 and R81) are critical for import. This NLS is critical not only for autonomous nuclear import of Smad4, but also for its nuclear translocation in the presence of activated R-Smads, further confirming the functional relevance of the Smad4 NLS in TGF-b signal transduction. Structural modeling demonstrated that the four critical basic residues are all solvent exposed and map to a single localized segment on one surface of the Smad4 MH1 domain. Their distribution and spacing resemble a classical bipartite NLS. Smad4 displays specific binding to importin a through its MH1 domain, which was abrogated by loss-of-function mutations in Smad4 NLS. Finally, the Smad4 NLS is essential for its transcriptional activity since loss-of-function NLS mutants are also transcriptionally inactive.
Introduction
Smad proteins are the intracellular mediators of the TGF-b signaling pathway. Under basal conditions they exist in the cytoplasm; upon ligand activation, they translocate into the nucleus and act as transcription factors to modulate the expression of downstream targets. One of their critical functions involves growth suppression of various cell types, including epithelial, endothelial, hematopoietic, neural and keratinocytes. Not surprisingly, many Smad genes are mutated in different tumors. Most prominent of these is Smad4, which is homozygous null in over 50% of colon cancers (Massague and Wotton, 2000) .
Smad proteins are classified into three categories according to conserved structures and functions. RSmads (receptor-regulated Smads) directly interact with activated type-I receptor and undergo C-terminal phosphorylation. These include Smad1 and 5 of the BMP-signaling pathway and Smad2 and 3 of the TGFb pathway. Co-Smads do not undergo phosphorylation but act as a common partner in R-Smads signaling by forming ligand-induced R-Smad/Co-Smad complexes. Smad4 is the only Co-Smad in mammalian cells. Following phosphorylation, R-Smads form complexes with Smad4, which are then translocated to the nucleus to affect transcriptional regulation. In contrast to these positive transducers of TGF-b/BMP signaling, inhibitory Smad proteins (Smad6 and 7) directly bind to the TGF-b/BMP type I receptors or to Smad4, consequently interfering with phosphorylation of R-Smads or their complex formation with Smad4. Since expression of Smad6 and 7 are upregulated by TGF-b/BMP, they act as negative feedback regulators of these signaling pathways (Massague and Wotton, 2000) .
Smads contain highly conserved N-terminal MH1 and C-terminal MH2 domains connected by a more variable central linker region. The MH1 domain mainly mediates DNA -binding and nuclear import (Xiao et al., 2000a, b; Pierreux et al., 2000; Kurisaki et al., 2001) , whereas the MH2 domain is responsible for transcriptional activation and Smad oligomerization. The majority of oncogenic mutations found in Smad have been mapped to the MH2 domain (Massague and Wotton, 2000) . In the case of Smad4, the SAD domain (Smad-activation domain) in its middle linker region has been shown to confer transcriptional activity through its interaction with p300 (de Caestecker et al., 2000) .
As latent cytoplasmic transcription factors, Smads need to translocate into the nucleus to affect target gene regulation. It was previously shown that for R-Smads such as Smad3, a conserved N-terminal basic motif acts as an NLS to mediate ligand-induced nuclear import in an importin-b-dependent manner (Xiao et al., 2000b; Kurisaki et al., 2001) . Unlike R-Smads, Smad4 cannot independently accumulate inside the nucleus due to a nuclear export signal (NES) between its MH1 and linker region. Smad4 accumulates in the nucleus only in the presence of R-Smads (Liu et al., 1997; Watanabe et al., 2000) . Hence, it is commonly accepted that Smad4 and R-Smads form a complex in the cytoplasm and co-translocate into the nucleus through the import function of R-Smads; the complex would stay inside the nucleus since the Smad4 NES is masked by the complexing R-Smads (Massague and Wotton, 2000; Watanabe et al., 2000) . However, Smad4 displays constant nucleocytoplasmic shuttling even in the resting state and accumulates inside the nucleus upon LMBtreatment, which suppresses the nuclear export pathway The basic motif in Smad4 MH1 domain-GFP fusion construct was mutated in two ways for both gain-of-function (E49K) and loss-offunction (K45A/K46A, K48A and K50A/K51A) purposes. These mutants were transiently expressed in 293T cells and treated with 5 ng/ml LMB for 1 h to induce nuclear accumulation. GFP fluorescence was recorded before (left columns) and after (right columns) LMB addition Smad4 function requires an unconventional NLS Z Xiao et al (Pierreux et al., 2000; Watanabe et al., 2000) . This indicates that Smad4 contains intrinsic nuclear import capacity that is ligand-independent, thus raising the possibility that Smad4 may form a complex with activated R-Smads inside the nucleus after their separate nuclear import. The R-Smad NLS motif is mostly conserved in Smad4 except for a lysine-to-glutamate substitution (E49, Figure 1 ), which may interfere with the potential import functions of the NLS motif. It is intriguing to know whether this motif also mediates the autonomous nuclear import of Smad4, and whether it is required for transcriptional activation by Smad4. We demonstrate here that this basic motif represents the first cluster of basic residues of an extended bipartite NLS that is necessary and sufficient for Smad4 nuclear import. Mutations of certain basic residues in the bipartite NLS not only disrupted the nuclear accumulation of a fused GFP, but also eliminated ligandstimulated or LMB-induced nuclear import of the intact Smad4 in vivo, thus suggesting that the identified NLS is likely to be the major determinant of Smad4 nuclear import. More importantly, Smad4 NLS mutants are transcriptionally defective, which is a deficiency shared by the oncogenic mutants in the Smad4 MH2 domain. This indicates that NLS disruption may also lead to oncogenic transformation of Smad4.
Results

Smad4 contains both an NLS and an NES in the MH1 domain
We have previously shown that R-Smads such as Smad1 and 3 contain an N-terminal lysine-rich motif that mediates their ligand-induced nuclear import (Xiao et al., 2000a, b) . Since this motif is also essentially conserved in Smad4 except for the lysine-to-glutamate change (E49, Figure 1a ), we were interested to know whether the same motif mediates nuclear accumulation of Smad4.
Since the basic motif is contained within the Smad4 MH1 domain, we first analysed the subcellular distribution of the isolated Smad4 MH1 domain in transfected 293T cells (Figure 1b) . To facilitate imaging analysis, we made a GFP-fusion with the Smad4 MH1 domain. Though devoid of any NLS, GFP is able to diffuse through the nuclear pore because of its relatively small size (28 kDa) and appears evenly distributed throughout the cell (see Figure 2 , panel 1). GFP-Smad4 MH1 domain is localized throughout the cell (Figure 1b , panel a), implying that Smad4 does not contain an effective NLS in its MH1 domain. However, we reasoned that this might also be caused by a coexisting nuclear export signal (NES), which will counteract NLS-mediated (Watanabe et al., 2000) . To test the possibility that Smad4 contains a novel NES in the MH1 domain, we treated cells expressing GFP-Smad4 MH1 with LMB, the inhibitor of CRM1-mediated nuclear export. This caused a dramatic nuclear accumulation of the Smad4 MH1 domain (Figure 1b, panel b) , indicating that Smad4 contains both an NLS and NES within its MH1 domain. Apparently, neither the NLS nor the NES dominates over the other signal, explaining the even distribution of Smad4 MH1 domain throughout the cells.
LMB-induced nuclear accumulation of Smad4 MH1 domain requires the basic motif
To ascertain whether the 7-residue basic motif: K 45 KLKEKK in Smad4 mediates nuclear accumulation of the Smad4 MH1 domain, we sequentially mutated the lysines to alanines (Figure 1b ). In the absence of LMB, the potential loss-of-function mutants K45A/K46A and K48A were mostly nuclear-excluded (panels e and g), while K50A/K51A showed a wild-type pancellular profile (panel i). After LMB treatment, WT Smad4 MH1 became mostly nuclear (panel b), whereas K45A/ K46A showed minimal enrichment in the nucleus (panel f), and K48A displayed only a partial nuclear accumulation and become evenly distributed throughout the cell (panel h). We additionally made individual K45A and K46A mutations and found that while both of them disrupted nuclear import of the Smad4 MH1 domain, mutant K46A displayed a more severe deficiency that was indistinguishable from that of the double mutant (K45A/K46A). This suggests that K46 is more critically involved in Smad4 nuclear import than K45 (data not shown).
In contrast, mutant K50A/K51A was as efficient as WT Smad4 MH1 domain in achieving nuclear localization (panel j). We also made a mutation to the basic motif that potentially may make it a more effective NLS, replacing the acidic glutamate with lysine, to mimic the R-Smads NLS (E49K). This mutant is mostly nuclear even without LMB addition (panel c), demonstrating that the E49K mutation created a stronger NLS that becomes dominant over the unidentified NES. In summary, mutations of K45, K46 and K48 disrupted import function of the NLS; however, not all basic residues in the basic motif are necessary for the import as shown by the normal nuclear accumulation of the K50A/K51A mutant.
Smad4 contains an extended NLS that is necessary and sufficient for its nuclear import
Although the identified basic motif of Smad4 is clearly required for the nuclear accumulation of Smad4 MH1 domain, it may not be sufficient to confer nuclear import. To confirm whether it is a bona fide NLS, we fused it to GFP to see whether this will lead to the nuclear localization of GFP ( Figure 2 ). As mentioned previously, GFP itself is evenly dispersed throughout the cells (panel 1). GFP fusion with the basic motif ( 45 KKLKEKK) shows a similar profile (panel 2), indicating that the 7-residue motif does not constitute a functional NLS. We reasoned that this motif might be only a part of the intact Smad4 NLS.
To define the Smad4 NLS that is both necessary and sufficient for its nuclear accumulation, we fused various segments of the Smad4 MH1 domain covering the basic motif to GFP. We extended the basic motif in both the N-and the C-terminal directions (Figure 2a , panels 3-6). We noticed that Smad4 contains two basic residues (K37R38) upstream of the basic motif, and this may constitute a bipartite NLS. However, when we extended the basic motif N-terminally to encompass K37R38 (AA 1-51), the GFP-fusion is still not enriched in the nucleus (panel 3), indicating that these residues do not form a functional bipartite NLS.
Three C-terminal extensions to the NLS were constructed. GFP-fusions with AA 45-71 and 45-88 were still distributed throughout the cell. However, GFP-fusion with AA 45-110, a 66-residue segment spanning the basic motif at the N-terminus and Smad4 DNA-binding region at the C-terminus, is predominantly nuclear (panel 6). Deletions of either the first five residues or the last five residues of this segment reduced the nuclear enrichment (panels 7 and 8), indicating that it represents the minimal Smad4 NLS sequence. Inclusion of LMB in these experiments did not influence the subcellular distributions of the various constructs (data not shown), indicating that the NES in Smad4 MH1 domain is located in a separate region from the identified NLS. Figure 2b shows the NLS-mapping process.
Since basic residues have been shown to be important for NLS functions, we studied the functional relevance of all the basic residues in the identified Smad4 NLS (AA 45-110). The NLS region contains the following 14 basic residues: K45, K46, K48, K50, K51, K70, R76, R81, R87, K88, R97, R100, K106 and Kl10. We investigated whether they are critical for the nuclear accumulation of the GFP-fusion to the NLS peptide (AA 45-110) by alanine-scanning mutagenesis. Our result shows that only the following six residues are necessary for the NLS-function: K45, K46, K48, R81, R97 and R100; whereas residues K50, K51, K70, R76, R87, K88, K106 and K110 are not required for the nuclear import (Table 1) .
To confirm that the identified NLS is not only functional when fused to GFP, but also functional in the context of the Smad4 MH1 domain, we individually mutated all of the basic residues within the NLS in GFP-Smad4 MH1 domain fusion construct and tested the nuclear accumulation of these mutant MH1 domains in response to LMB-treatment ( Figure 3 ). We already showed that K45, K46 and, to a certain extent, K48 are crucial for this process, whereas K50 and K51 are not required (Figure 1 ). Concerning the remaining basic residues, we found that R81 and R100 are also required for the nuclear accumulation of the Smad4 MH1 domain, but all of the other basic residues including K70, R76, R87, K88, R97, K106 and K110 were not Smad4 function requires an unconventional NLS Z Xiao et al necessary (Table 1 ). This result is mostly consistent with the findings of the GFP-NLS experiment (Table 1) . The Smad4 MH1 domain mutant R97A showed normal LMB-induced nuclear import despite the fact that this mutation disrupted nuclear enrichment of the GFP-NLS fusion. One explanation for this discrepancy is that R97 does not directly contribute to nuclear import, but rather facilitates the nuclear enrichment of the protein by conferring DNA binding or other nuclear-retention properties. Hence, with the only exception of R97, mutations of the basic residues that disrupted the nuclear localization of GFP-NLS fusion also disrupted the nuclear accumulation of the Smad4 MH1 domain in vivo, thus suggesting that the identified NLS is the major determinant of Smad4 nuclear import in cells. Both R81 and K88 are required for DNA binding and directly contact DNA (Shi et al., 1998) ; however, only R81 is critical for nuclear import of Smad4, indicating that Smad4 nuclear import and DNA binding have distinct structural determinants.
Nuclear import of Smad4 in the absence of TGF-b
The above results demonstrated that the extended NLS drives the nuclear import of the Smad4 MH1 domain, and that only five basic residues within the NLS are critical for this process: K45, K46, K48, R81 and R100. To ascertain whether this NLS also drives the nuclear import of full-length Smad4, we studied the impact of various NLS mutations on nuclear accumulation of Smad4. Smad4 is subject to constant nuclear import and nuclear export. However, since the export is more dominant, Smad4 is mostly cytoplasmic in the absence of ligand (Pierreux et al., 2000; Watanabe et al., 2000) . Smad4 achieves nuclear accumulation in two ways: When cells are treated with LMB, Smad4 accumulates inside the nucleus since nuclear export is suppressed; alternatively, in the presence of R-Smads such as Smad3, Smad4 displays ligand-dependent nuclear enrichment by masking of the NES through complex formation with R-Smads (Watanabe et al., 2000) . Note that in the first case Smad4 translocates into nucleus by its intrinsic nuclear import capacity, while the latter case requires ligand stimulation and coexpression of RSmads. It is not clear whether the autonomous nuclear import of Smad4 is necessary in the latter case since the R-Smads could conceivably carry Smad4 into the nucleus (the piggy-back theory).
First, we investigated the autonomous nuclear import of Smad4 upon LMB-addition using Cos-7 cells transiently expressing GFP-Smad4. Cells were treated with 5 ng/ml LMB and Smad4 localization profiles were monitored at different time points (Figure 4a ). Prior to LMB-addition, both WT Smad4 and the NLS-mutants were exclusively cytoplasmic. By 1.0 h, WT Smad4 showed initial nuclear entry and achieved an even distribution between nucleus and cytoplasm, which became completely nuclear after 4 h. (For the 4 h incubation, cycloheximide was added to the medium to prevent de novo protein synthesis, which may complicate interpretation of the results.) The potentially Figure 3 The identified NLS mediates the LMB-induced nuclear accumulation of isolated Smad4 MH1 domain. All basic residues in the Smad4 NLS were individually mutated to alanines in the GFPSmad4 MH1 domain fusion construct to analyse their contributions to the LMB-induced nuclear import of Smad4 MH1. The various NLS mutants were transiently expressed in 293T cells. 5 ng/ ml LMB was added. GFP-fluorescence was recorded before and 1 h after LMB addition Smad4 function requires an unconventional NLS Z Xiao et al gain-of-function E49K mutant achieved predominant nuclear localization within 1.0 h of LMB addition, again proving its more superior nuclear import capacity. Smad4 K45A/K46A and R81A showed minimal nuclear entry at 1 h and could achieve only limited nuclear localization even after prolonged LMB-treatment (4 h), indicating that these residues are not only critical for nuclear import of the Smad4 MH1 domain (Figures 1 and 3 ), but also for nuclear translocation of intact Smad4. We also made individual K45A and K46A mutants and found that both of them were defective in nuclear import; however, K46A displayed a more severe deficiency than K45A, again suggesting that K46 is more critically involved in Smad4 nuclear import than K45 (data not shown). Mutant K48A is partially defective in nuclear accumulation since its final nuclear enrichment was not nearly as complete as WT Smad4 (still with a significant cytoplasmic population), indicating a severe delay in the rate of nuclear import.
In contrast, K50A/K51A and Kl10A, shown not to interfere with the nuclear import of Smad4 MH1 domain, also failed to disrupt the nuclear accumulation of intact Smad4. We also tested other Smad4 NLSmutants (data not shown) and the results were quantified in Figure 4b (black columns). In summary, mutations that caused deficient nuclear accumulation of the isolated Smad4 MH1 domain, including K45A/ K46A, K48A, R81A and R100T, also abrogated or Figure 4 (a) Smad4 NLS mediates the LMB-induced nuclear translocation of intact Smad4. Basic residues, including K45/K46, K48 and K50/K51 in Smad4 NLS were mutated into alanines in the GFP-Smad4 fusion and transiently expressed in COS-7 cells. The gainof-function E49K mutation was also constructed. A volume of 5 ng/ml LMB was added to the transfected cells to induce Smad4 nuclear localization. GFP-fluorescence images were recorded at different time points to monitor the progress of Smad4 nuclear accumulation (0, 1, and 4 h). For the 4-h LMB-incubation, cycloheximide was added to the medium at 100 mg/ml to suppress de novo protein synthesis. reduced LMB-induced nuclear import of intact Smad4; in contrast, mutations of other basic residues, which had no impact on the nuclear localization of a fused GFP or the Smad4 MH1 domain, did not disturb the nuclear translocation of Smad4. This further confirms that the identified NLS likely functions as the major nuclear import signal for intact Smad4 as well as for the isolated MH1 domain. These results are summarized in Table 1 . Although Smad4 NLS mutants such as K45A/K46A and R81A are severely defective in LMB-induced nuclear accumulation, they still showed limited nuclear entry after prolonged LMB-treatment, suggesting that either these mutations did not completely abrogate the import function of the NLS or, alternatively, there might be weaker NLS motifs in other parts of Smad4 such as in the MH2 domain.
TGF-b-induced Smad4 nuclear import is determined mostly by the extended NLS
To test the nuclear localization of the Smad4 NLSmutants in response to TGF-b, we used the human breast cancer cell line MDA-MB-468 which is homozygous-null for Smad4. Despite this defect, the cells contain WT Smad3 which still responds to TGF-b treatment by nuclear translocation. Since it is known that R-Smads are required to retain Smad4 inside the nucleus following ligand stimulation, the cells were transiently cotransfected with GFP-Smad4 and WT Smad3 and then treated with TGF-b to induce Smad4 nuclear accumulation. One and one-half hours after ligand addition, cells with predominant nuclear Smad4 signal were counted and the percentage of such cells calculated; the data are summarized in Figure 4b (open columns): WT Smad3, WT Smad4 became mostly nuclear in about 50% of the cells. The various Smad4 NLS-mutants displayed different distribution profiles after ligand stimulation: Mutations K45A/K46A, K48A and R81A, which eliminated or reduced the NLS function, also caused defective Smad4 nuclear import in response to TGF-b (generally less than 10% of the cells showed nuclear Smad4). In contrast, mutants K50A/K51 A, K70A and R76A, with normal NLS function as demonstrated in Figures 3 and 4a , displayed essentially normal ligand-induced Smad4 nuclear localization that was comparable to WT Smad4 (generally 35-50% of cells showed nuclear Smad4). Although the overall efficiency of Smad4 nuclear import induced by TGF-b treatment was less than that following LMBtreatment (compare black vs open columns, Figure 4b ), the two profiles tracked each other very well. The general correspondence between these two profiles suggests that these two processes are likely to be mediated by the same NLS.
Smad3 nuclear import, using a FLAG-tagged Smad3 protein, was also monitored under these conditions (data not shown). After ligand stimulation, Smad3 displayed a mostly nuclear profile but still exhibited varying degrees of cytoplasmic localization in cells coexpressing either WT Smad4 or Smad4 NLS-mutants. We noticed that Smad3 showed a greater cytoplasmic distribution when co-expressed with Smad4 loss-offunction NLS-mutants than with WT Smad4, suggesting that defective Smad4 nuclear import may also impede Smad3 nuclear transport.
Smad4 MH1 domain specifically interacts with importin a NLS-facilitated nuclear import through the nuclear pore complex (NPC) usually occurs through the importin pathway. Classical NLS signals such as monopartite NLS (SV40 T-antigen) or bipartite NLS (nucleoplasmin) are recognized by the heterodimeric import receptors importin a/b. Importin a interacts with the substrate through the NLS, while importin b mediates the docking of the trimeric importin-substrate complex to the cytoplasmic side of the NPC and the subsequent translocation through the pore. Sometimes the import substrate achieves nuclear translocation through direct binding to importin b (Gorlich and Mattaj, 1996) .
We investigated whether nuclear translocation of Smad4 occurs through the importin pathway. It was previously shown that Smad3, but not Smad4, displays direct binding to importin b through its MH1 domain, and that this interaction leads to efficient nuclear import of Smad3 (Xiao et al., 2000b; Kurisaki et al., 2001) . Hence, we studied the binding between Smad4 MH1 domain and importin a using an in vitro GST-pull-down assay. To this end, fusion proteins of GST with importin a (NPI-1/hSRPl) were immobilized on glutathione beads. Lysates from 293T cells expressing Smad1, 3 or 4 proteins or their separate MH1 and MH2 domains (all as GFP fusions), were added to the beads; after extensive washing, the bound protein was eluted ( Figure 5) . It was previously shown that GST fusions with importin a and b exhibited normal import functions and that nuclear translocation could be reconstituted by these GST fusion proteins in vitro (Sekimoto et al., 1997) .
First, we found that among Smad1, 3 and 4, only the Smad4 MH1 domain showed significant interaction with importin a. Additionally, the Smad4 MH2 domain displayed no binding (Figure 5a ). To demonstrate the functional relevance of this interaction, we studied the importin a binding profiles of various Smad4 MH1 domain NLS-mutants (Figure 5b ). Consistent with their defective nuclear import, mutants K45A/K46A, R81A and R100T showed minimal binding (lanes 2, 7 and 10, less than 8% of WT value), while K48A also showed drastically lowered interaction (lane 3, less than 30% of WT). In contrast, mutants that are not defective in nuclear accumulation, such as K70A, K106A and K110A, showed essentially normal interaction with imp a. However, mutants K50A/K51A and R87A/ K88A, which have normal nuclear import capacities, showed significantly reduced bindings compared to WT Smad4 (lanes 4 and 8), suggesting that physical interaction of Smad4 with importin a is determined by multiple factors and hence may not correspond exactly with the efficiencies of Smad4 nuclear import in all cases. We also characterized the gain-of-function Smad4 MH1 domain E49K mutant and found that it showed Smad4 function requires an unconventional NLS Z Xiao et al greater importin a binding than its WT counterpart, demonstrating that its more efficient nuclear import (Figure 1 ) stems from stronger interaction with importin a (data not shown).
Taken together, the binding data suggest that nuclear import of Smad4 takes place through importin a, and the defective nuclear import of most NLS-mutants can be explained by the diminished binding of their MH1 domains to importin a. Additionally, Smad3 and 4 achieve nuclear translocation through different mechanisms: Smad3 imports by direct coupling to importin b, while Smad4 translocates into the nucleus by first binding to importin a, which then presumably dimerizes with importin b.
NLS mutations of Smad4 do not affect its complex formation with Smad3
To investigate the impact of Smad4 NLS mutations on its other functions such as ligand-dependent complex formation with Smad3, we carried out Smad3-Smad4 coimmunoprecipitation assays (Figure 6 ). HEK 293T cells were cotransfected with Flag-Smad3 and various Smad4 NLS-mutant constructs, with or without the constitutively active TGF-b type-I receptor (T204D) to mimic ligand stimulation (Xiao et al., 2000a) . Cell lysates were prepared and Smad3 was precipitated with anti-Flag antibody. The precipitate was then probed for the presence of Smad4. WT Smad4 showed a greatly increased association with Smad3 upon receptor activation (lanes 1 and 2) . Interestingly, all the Smad4 NLS-mutants also displayed similar receptor-dependent enhancement in complex formation with Smad3 regardless of their nuclear import abilities (lanes 3-20) . Thus, they are all at least partially functional in ligand-induced oligomerization with Smad3. This is consistent with a previous report that Smad3 and 4 complex through their MH2 domains (Wu et al., 1997) . The Smad4 R100T mutant was not analysed because of its low expression level and previous reports that it shows normal liganddependent complex formation with Smad3 (Xu and Attisano, 2000; Moren et al., 2000) . Some of the Smad4 Lysates from 293T cells expressing isolated Smad4 MH1 domains, either WT or various NLS-mutants, all as GFP-fusions, were passed through the beads. Bound fractions (lower panel), corresponding to four times the input material (upper panel), were eluted with 15 mm glutathione and probed with GFP-antibody. The R100T mutant (lane 10) showed lower levels of expression despite increased quantity of plasmid used for the transfection. The intensities of the bands in both bound and input panels were quantified by densitometry analysis. The ratios of bound vs input of the same sample were plotted in a bar graph with WT Smad4 MH1 assigned an arbitrary value of 100
Smad4 function requires an unconventional NLS Z Xiao et al mutants showed stronger constitutive association with Smad3 than others, suggesting that although they all display ligand-induced Smad3 binding, there are some quantitative differences in their interactions with Smad3 under resting conditions.
Nuclear import of Smad4 is necessary for its transcriptional activity
To characterize the possible impact of defective Smad4 nuclear import on the transcriptional activity of Smad4, we studied various Smad4 NLS mutants in the 3TP-Luciferase reporter gene activity assay, which is specific for Smad3/4-mediated TGF-b signaling, in MDA-MB 468 cells (Figure 7 ). MDA-MB 468 cells have a homozygous deletion of the Smad4 gene and thus provides an excellent system for functional studies of Smad4. The amounts of expression plasmids used for transfection were adjusted to achieve similar protein expression levels for the wild-type and mutant Smad4 proteins. Vector-transfected cells showed minimal reporter activity and little TGF-b inducibility (rightmost columns), confirming that Smad4 is necessary for reporter gene activity. WT Smad4 conferred an 8-10-fold increase in reporter gene activity in response to TGF-b. Of the different Smad4 NLS mutants, K45A/ K46A, K48A, R81A and R100T all showed minimal induced luciferase activities that were essentially indistinguishable from vector control, in line with their inability to translocate into the nucleus. Of the mutants that showed mostly normal nuclear import, K70A, K110A and K106A are similar to WT Smad4 in reporter activation, while R76A and R97A showed a partial defect. Finally, mutants K50A/K51A and R87A/K88A were mostly defective in transcriptional activation despite their partially functional nuclear import. This suggested that Smad4 nuclear import mediated through the NLS is crucial to its transcriptional activity; however, it is not the only determinant as other factors also contribute to the overall transcriptional activity of Smad4.
Smad4 NLS resembles an extended bipartite NLS
We have demonstrated that the identified NLS mediates not only LMB-induced nuclear import of intact Smad4 as well as its isolated MH1 domain, but also the nuclear Since the isolated MH1 domains of R-Smads (such as Smad1 and 3) and I-Smads (such as Smad7) also mostly accumulate inside the nucleus (Xiao et al., 2000a; Hanyu et al., 2001; Kurisaki et al., 2001) , we were interested to know whether the Smad4 NLS region is conserved among the R-and I-Smads. We aligned the NLS regions of representative R-Smads (Smad1, 2 and 3), Co-Smads (Smad4) and I-Smads (Smad7) in Figure 8a . All five putative NLS regions share 24% identity and 57% similarity, excluding the 30 amino-acid insertion in Smad2 relative to the other sequences. Particularly conserved are the five basic residues that are critical for Smad4 nuclear import (K45, K46, K48, R81 and R100, red boxes). In contrast, an examination of the remaining basic residues not required for Smad4 nuclear import, K70, R76, R87, K88, R97 and K106 (blue boxes), revealed that they are partially conserved between R-Smads and co-Smads, and not conserved in I-Smads. To ascertain the structural context of the NLS within the overall Smad4 structure, we carried out structural modeling of the Smad4 MH1 domain on the basis of its high sequence conservation with the Smad3 MH1 domain (Shi et al., 1998) . As shown in Figure 8b , the four critical basic residues, K45, K46, K48 and R81 that are necessary for NLS functionality are localized to a central band along one surface of the Smad4 MH1 domain. Interestingly, these basic residues seem to resemble an inverted classical bipartite NLS motif in that K45, K46 and K48 form the first basic cluster while R81 constitutes the second basic group. Unlike Figure 8 The identified Smad4 NLS resembles an extended bipartite NLS. (a) Smad family members share similar NLS regions. Shown is an alignment of the putative NLS domains of Smads 1, 2, 3, 4 and 7. Basic residues found in this study to be necessary for Smad4 nuclear localization (shaded red) are fully conserved among all Smad classes (R-, Co-and I-Smad); whereas basic residues unnecessary for Smad4 nuclear import (shaded blue) are only conserved between R-and Co-Smads but not in I-Smads. (b) Basic residues necessary for nuclear localization are centrally positioned within the NLS. The molecular surface of the Smad4 model was calculated using a 1.4 Å probe radius using Grasp (Nicols et al., 1991) . The Smad4 model was very similar to the structure of Smad3, having an rmsD of 0.285 Å (based on main chain positions for Smad4 residues Leu23-Ser138). Residues highlighted in red identify positions when mutated, inhibited nuclear localization. Blue residues indicate basic residues that are not critical for the NLS function. Cyan residues are nonbasic residues of the NLS not mutated in this study. Notable is the clustering of the four basic residues (Lys 45, Lys 46, Lys 48 and Arg 81) important for nuclear localization to the center of the MH1 domain Smad4 function requires an unconventional NLS Z Xiao et al conventional bipartite NLS that has a smaller first basic cluster (usually, two basic residues such as KR) followed by a larger second basic cluster (usually, three to four basic residues), the Smad4 NLS has the opposite configuration in that the first cluster is bigger than the second. Additionally, the spacing between the two basic motifs of Smad4 NLS is significantly larger than the classical bipartite NLS (usually, 10-12 residues). However, the Smad4 MH1 domain model predicts that although these two clusters are distant in primary amino-acid sequence, they are potentially positioned less than 12 Å apart in the three-dimensional structure. This will allow them to fit perfectly into the two binding pockets on importin a for a bipartite NLS as revealed in the crystal structures of importin a (Conti et al., 1998; Kobe, 1999) . This is also fully consistent with the physical interaction between importin a and Smad4 MH1 domain ( Figure 5 ). Our mutagenesis experiment indicates that, among the first basic cluster residues K45, K46 and K48, K46 is the most essential residue for Smad4 nuclear import and that K48 is only partially involved (Table 1 and Figure 4 ). Correspondingly, our structure model shows K46 to be the most linearly aligned residue with R81, whereas K48 is partially twisted away from the alignment.
As shown by several previous studies, the NLSinhibitory effects of the R100T mutation is probably caused by a general disruption of the overall structural integrity of Smad4 (Shi et al., 1998; Moren et al., 2000; Xu and Attisano, 2000) . Thus, we have not assigned a specific role to this residue in nuclear import.
Discussion
Here we demonstrate that the Smad4 MH1 domain contains an extended bipartite NLS that is responsible for its nuclear import and transcriptional activity. This NLS comprises a highly conserved basic motif (AA 45-51) and extends into the DNA-binding domain. It not only mediates nuclear accumulation of the isolated MH1 domain but also LMB-and TGF-b-induced nuclear translocation of full-length Smad4. NLS spans 66 residues and includes 14 basic residues; however, of these only K45, K46, K48 and R81 are critical for nuclear import.
Smad4 displays LMB-induced nuclear accumulation even without ligand stimulation. Thus, Smad4 is capable of autonomous nuclear import and export, and the NES within the linker region (Watanabe et al., 2000) and the NLS described here appear to be the signals mediating this ligand-independent ('constitutive') nuclear export and import, respectively. Importantly, Smad4 loss-offunction NLS-mutants are defective both in TGF-binduced nuclear import and transcriptional activation. This implies that ligand-stimulated nuclear localization of Smad4 also requires its intrinsic nuclear import ability and may not solely depend on 'piggybacking' with Smad3 or other R-Smads, which are undergoing ligand-induced nuclear translocation.
Smad4 contains an extended bipartite NLS in its MH1 domain
By studying the ability of different Smad4 segments to drive nuclear accumulation of fused GFP we defined the minimum essential Smad4 NLS as a 66 amino-acid region. However, only four of the basic residues in this domain are important for the import function. Threedimensional structural modeling shows that these four localize to the same region on the Smad4 MH1 domain and form two positively charged motifs separated by 12 Å . This is compatible with the spacing of the two binding pockets on the importin a molecule for a classical bipartite basic NLS.
The extensive length of the Smad4 NLS does not mean that all side chains in the region contribute to Smad4 nuclear import, since we have shown that most basic residues and many nonbasic residues (data not shown) within the motif are not critical for import. We speculate that most of the residues serve a scaffolding/ structural function to maintain the four critical basic residues in the proper conformation to form a bipartite NLS. This notion is supported by the fact that the 44-residue region AA 45-88, which contains all four critical basic residues, fails to confer nuclear localization when fused to GFP (Figure 2a ), indicating that residues further downstream (from K88 to K110) are required for the structural integrity of the NLS. This Smad4 NLS is highly conserved among R-and Co-Smads, and is partially conserved between Co-and I-Smads such as Smad7 (Figure 8a ). The critical basic residues that are important for Smad4 NLS function -K45, K46, K48 and R81 -are conserved among all known Smad proteins, whereas the basic residues in this region not required for Smad4 NLS function, such as K70, R76, R87 and K88, are not conserved in Smad7. This suggests that Smad7, despite its high sequence divergence from Smad4, can achieve nuclear import through a similar mechanism as Smad4. Interestingly, it was recently shown that a segment of the Smad7 MH1 domain, which mostly corresponds to the extended Smad4 NLS is primarily nuclear (Hanyu et al., 2001) .
Smad4 R100 may not be directly involved in nuclear import
The tumorigenic R100T mutation near the C-terminus of Smad4 NLS eliminated nuclear accumulation of Smad4, suggesting that defects in nuclear import may lead to Smad4 inactivation and contribute to tumorigenicity. This conclusion is consistent with a previous report (Moren et al., 2000) . However, the Smad4 R100T mutation causes destabilization and proteasomal degradation of Smad4 (Moren et al., 2000; Xu and Attisano, 2000) , indicating that this mutation may alter the global conformation of the protein. This is also illustrated in Figure 5b . Transfections of all other NLS-mutant Smad4 MH1 domains produced fairly high steady-state protein levels, while the R100T mutant showed a significantly lower protein level despite a twofold higher Smad4 function requires an unconventional NLS Z Xiao et al amount of plasmid used for the transfection. Hence, we were not able to assign a specific role in nuclear import to this residue. In contrast, another cancer-related mutation found in the Smad4 MH1 domain, G65V, had no effect on nuclear import of Smad4 (data not shown).
Smad4 NLS is required for both its autonomous nuclear import and its ligand-induced nuclear accumulation when complexed with Smad3
The current consensus is that Smad4 forms a complex with phosphorylated (i.e. ligand-activated) R-Smads such as Smad3 in the cytoplasm and then cotranslocates into the nucleus (Massague and Wotton, 2000) . This theory predicts that any Smad4 NLS would be unnecessary for ligand-induced nuclear accumulation. However, we found that Smad4 NLS-mutants that are defective in autonomous nuclear import are also deficient in TGF-b induced nuclear import and transcriptional activation. In contrast, all Smad4 NLS mutants tested form normal ligand-induced complexes with Smad3 ( Figure 6 ). Thus, we conclude that complex formation of wild-type Smad4 (or Smad4 mutants not defective in nuclear import) with Smad3 could occur in both the nucleus and cytoplasm. The constitutive shuttling of Smad4 between nucleus and cytoplasm would make this possible. Consistent with this notion, Smad4 mutants that are defective in nuclear import would accumulate in the cytoplasm and form complexes there with Smad3. However, these complexes do not translocate into the nucleus and presumably are defective in nuclear import (Figure 4b ). One possibility is that binding of Smad4 NLS loss-offunction mutants to Smad3 somehow disables the nuclear import functions of Smad3 by masking or sequestering its NLS.
Smad4 NLS is physically distinct from its DNA-binding region
Previously, it was found that region L43-R135 of Smad4 is critical for its ability to bind DNA (Jones and Kern, 2000) . Mutations of many residues in this region that are not directly involved in DNA contact, led to defects in Smad4 DNA binding. This indicates that the ability of this segment to bind to DNA is very sensitive to structural disturbances. Interestingly, our identified Smad4 NLS (K45-K110) overlaps significantly with this DNA-binding region, and our structural modeling data showed that the critical basic residues which are important for the NLS functions map to a small segment on the MH1 surface. This suggests that the same folded domain of Smad4 mediates both nuclear import and DNA binding.
However, these two functions are clearly distinguishable and partially separable from each other. As example, mutations of many basic residues within this region, especially of K50 and K88, completely disrupted Smad4 DNA-interactions (Shi et al., 1998; Jones and Kern, 2000) . However, mutation of these residues leaves the NLS function undisturbed (Figures 3  and 4) . We speculate that different segments of this MH1 domain mediate separate functions such as nuclear import and DNA binding, but study of many additional mutant proteins will be necessary to establish this hypothesis.
Both the loss-and the gain-of-function mutation in Smad4 NLS abrogate transcriptional activity of Smad4
Not surprisingly, Smad4 with a defective NLS (K45A/ K46A, K48A and R81A) is transcriptionally inactive; however, some of the NLS mutants with normal import function also showed diminished reporter gene activity, indicating that nuclear localization is only one of the many requisite factors for Smad4 transcriptional activation.
We also tested the transcriptional activity of Smad4 NLS gain-of-function E49K mutant. Surprisingly, it is significantly reduced compared with WT Smad4 level (data not shown), suggesting that more efficient nuclear import of Smad4 created by a stronger NLS is actually detrimental to its transcriptional activity. This indicates that Smad4 NLS is designed with an attenuated NLS for optimal activity.
Materials and methods
Constructs
GFP-tagged Smad4 and Smad4 MH1 domain were constructed through CLONTECH pEGFP-Cl vector, which allows in-frame fusion to the C terminus of GFP. Primers corresponding to the N-and C-terminal regions of Smad 4 or its MH1 domain (AA 1-139) were tagged with BglII and EcoRI sites, respectively, and used in PCR reactions with human Smad4 cDNA as template (Pfu polymerase, Stratagene). The products were digested with BglII and EcoRI and subcloned into the pEGFP vector. To generate a retroviral vector encoding a GFP-Smad4 fusion, the pEGFP-Smad4 vector was digested with AgeI and SalI and then ligated into a similarly restricted pMX vector to create the pMX-GFPSmad.
Cell lines and transfections
293T, MDA-MB 468 and Cos-7 cells were transiently transfected with Fugene 6 reagent (Roche Biochemicals) according to the manufacturer's instructions. Cells were maintained in DMEM medium supplemented with 10% fetal bovine serum, with 100 U/ml penicillin and 100 mg/ml streptomycin, in 5% CO 2 at 371C. To generate stable cell lines expressing GFP-Smad4 fusion proteins, BOSC cells were transfected with pMX-GFP-Smad4 constructs. Two days after transfection, cell supernatant containing the retroviruses was collected and used to infect L20 cells, an Mv1Lu cell line expressing the mouse ecotropic viral receptor, for 6-9 h in normal medium containing 4 mg/ml polybrene.
Site-directed mutagenesis
Mutations of specific amino acids in Smad4 NLS were constructed with the QuikChange Mutagenesis kit (Stratagene).
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Fluorescence microscopy
GFP fluorescence in transfected cells, either live or fixed, was visualized with a Nikon TE300 inverted microscope equipped for epifluorescence by using a 488-nm excitation filter and 522-to 535-nm emission filter. Images were recorded with a Hamamatsu (Middlesex, NJ, USA) Orca CCD camera and analysed with OPENLAB software in the Keck microscope facility at the Whitehead Institute.
Importin-a binding assay
The assay was performed essentially as described (Xiao et al., 2000b; Kurisaki et al., 2001 ).
Luciferase assays
MDA-MB 468 cells were seeded in triplicate at 1 Â 10 5 cells per well in a 12-well plate 24 h before transfection. 3TP-Luciferase, Smad3 and indicated Smad4 vectors (1 mg each) was used to transiently transfect each well by Fugene 6 reagent. 0.5 mg pSV (CLONTECH), encoding b-galactosidase, was included in each sample to control for transfection efficiency. Cells were treated with 5 ng/ml TGF-b 24 h after transfection or with buffer in serum-free medium for 18-24 h. Luciferase and galactosidase activities were measured as described previously (Xiao et al., 2000a) .
Immunoprecipitation
293T cells were cotransfected with Flag-Smad3 and indicated GFP-Smad4 constructs, with or without the constitutively active type-I TGF-b receptor (T204D) (Xiao et al., 2000a) . Cells were lysed in buffer C (150 mm NaCl, 1% Nonidet P-40, 50 mm Tris-HCl (pH 7.5), 50 mm NaF, 50 mm glycerophosphate, 2 mm EDTA, 10% glycerol) plus 1 Â protease inhibitor cocktail (Roche Molecular Biochemicals) with NaCl adjusted to 400 mm. The mixture was then centrifuged at 100, 000 Â for 15 min, and the lysate was diluted with buffer C without NaCl. Flag-Smad3 was precipitated with 2 mg/ml M2 (Sigma) monoclonal antibody according to the manufacturer's instructions. The precipitate was eluted by SDS-sample solution and resolved on SDS-PAGE. After transfer onto PVDF membrane, it was immunoblotted with anti-Smad4 antibody.
Structural modeling
The structural model of the Smad4 MH1 domain (mothers against decapentaplegic homolog 4 Accession number NP_005350.1 GI:4885457) was built and optimized with Modeler (Sali and Blundell, 1993) using the coordinates of Smad3 (pdb: 1MHD Accession number 5822095) as the template. In brief, the Smad4 sequence was threaded through the PDB database using PROSPECT (Ying and Dong, 2000) with Smad3 producing the most significant score. The Smad4 sequence was subsequently aligned to that of Smad3 using the PAM120 scoring matrix. Based on this alignment, Modeler was utilized to build and refine the Smad4 model implementing the default refinement parameters.
